The water storage capacity (WSC) of dehiscent fruits that constitute a portion of litter on the forest floor is inadequately understood. This study has quantified the WSC of empty fruiting heads of sweetgum (Liquidambar styraciflua L.) in an effort to reduce the data gap on the WSC and interception of fruit litter. In a laboratory experiment, empty fruiting heads of sweetgum were found to have a mean WSC of 399% of their oven-dried weight. The maximum volume of water detained by fruiting heads in the field was 507 ml container -1 . Interception by the empty fruiting heads is considerable, ranging from 2.6 to 218.5% of the incident gross precipitation, with a mean of 42.7%. The data indicate that the interception storage capacity of empty fruiting heads is reached at 2.5 cm depth equivalent of incident gross precipitation. A logarithmic relationship was observed between the volume of water detained by the fruiting heads and the length of time since precipitation. Results of the study suggest that fruit litter may have a considerable influence on the seasonal water balance and ecohydrology of plantations and forests with significant proportions of sweetgum.
INTRODUCTION
Annual litterfall in deciduous forested ecosystems of the eastern United States is substantial, ranging from approximately 3600 to 4200 kg ha -1 year -1 (Kozlowski & Pallardy, 1997) . During the 1950s and 1960s some studies were conducted that quantified the water storage capacity (WSC) of litter from various forest types (e.g. Blow, 1955; Metz, 1958; Bernard, 1963; Helvey, 1964; Clary & Ffolliott, 1969) . These studies separated bulk litter into unaltered, partially decomposed and decomposed layers. The WSC of different litter types (foliar, woody, fruit) was not computed. Blow (1955) found that the maximum WSC of litter from an upland oak forest in eastern Tennessee was 225% of its oven-dried weight. Maximum WSC of litter in a lodgepole pine forest (Pinus contorta ssp. latifolia (Engelm. Ex Wats.) Critchfield) of Wyoming, expressed as a percentage of oven-dried weight, was 130% (Reynolds & Knight, 1973) . The WSC of litter in eastern white pine (Pinus strobus L.) and loblolly pine (Pinus taeda L.) forests reached 205 and 225% of oven-dried weight, respectively (Metz, 1958; Mader & Lull, 1968) . In an Australian eucalypt forest, the maximum water storage capacity, expressed as a depth equivalent, was 2.89 mm (Putuhena & Cordery, 1996) .
Despite the fact that fruits constitute up to 17% of litter production in forested ecosystems (Bray & Gorham, 1964) , accounting for a maximum input of roughly 700 kg ha -1 year -1 in hardwood forests based on annual litterfall estimates reported by Kozlowski & Pallardy (1997) , no known studies have specifically quantified the WSC or litter interception of fruits in hardwood forests. The lack of studies on the WSC of fruit litter may be attributed to the fact that litter interception was reported to be only 2-5% of annual rainfall in hardwood forests (Helvey & Patric, 1965) . However, the WSC and interception of fruit litter may have a detectable seasonal impact on the water balance of deciduous forests that shed fruity parts in late winter and early spring when trees are leafless. Sweetgum (Liquidambar styraciflua L.) is a monoecious deciduous tree species that produces a dry dehiscent fruit in a capsule form (Fig. 1) . The species drops considerable quantities of empty fruiting heads in late winter and early spring. It is contended that a study of the WSC, interception and drying rate of empty fruiting heads is necessary to better understand the quantity of water that may be stored and potentially evaporated from forests with a significant proportion of sweetgum trees, especially during late winter when litter interception peaks (Helvey, 1964) .
The aim of the present work is to quantify the WSC and litter interception of empty sweetgum fruiting heads and reduce the data gap on the WSC of fruit litter in the literature. Because sweetgum has a broad biogeographic range covering a vast expanse of the southeastern United States (Kormanik, 2002) and is planted extensively as a short-rotation harvest, its fruiting heads may have a significant impact on the hydrology of regional forests, potentially impacting water quantity in reservoirs near forests with high stand densities of sweetgum. Moreover, as a fast-growing commercially important tree species in the southeastern United States (Williams, 1999; Chang, 2003) , the forest industry may intensify the establishment of plantations composed of rapid growing species, such as sweetgum, in abandoned agricultural lands of the southeastern United States to meet an increased demand for hardwood fibre (Williams, 1999) . Additionally, sweetgum is expected to increase its biogeographical range under most global climate change scenarios (Iverson & Prasad, 2002) . The extensive biogeographic range of sweetgum in southeastern forests under current and future climates, and establishment of sweetgum plantations, necessitate a better understanding of the hydrological flux within the plantation, including the WSC of fruiting heads, in an effort to optimize harvest yields since hydrological and biogeochemical fluxes are coupled (Rodriguez-Iturbe, 2002) .
MATERIALS AND METHODS

Laboratory experiment
A laboratory experiment was conducted to determine the water storage capacity (ml cm -3 ) of empty sweetgum fruiting heads under controlled conditions. Fifty randomly selected fruiting heads were oven-dried for 72 h at 105°C. The volume of each fruiting head was determined by its instantaneous displacement into a known volume of water in a graduated cylinder. Prior to the volume determination of each fruiting head, its dry weight was recorded with a standard laboratory scale. The fruiting heads were completely submerged in water for seven days. A scale was then used to determine saturated weight. The difference between the saturated weight and dry weight was the volume of water stored by each fruiting head. Water storage capacity was computed as the quotient of water volume detained by each saturated fruiting head and its volume.
Field experiment
The field experiment was conducted in a clearing located in Makanda, Illinois, at the Touch of Nature Environmental Center of Southern Illinois University (37°37′32″N, 89°09′13″W) at an elevation of 180 m from mid November 2002 to April 2003. Weather conditions were continually recorded by a meteorological station (Model CR10X, Campbell Scientific Inc., Logan, Utah) located in the same clearing. The station recorded precipitation, wind speed and direction, air temperature, relative humidity and direct beam solar radiation. A discrete precipitation event was delineated as a period of measurable precipitation (0.254 mm) followed by 12 h of no precipitation.
The field experiment utilized three square open-top litter containers fitted with a fibreglass screen mesh positioned over a collection container. Each litter container measured 1210 cm 2 . A uniform layer of empty fruiting heads (mean n = 76) was placed on each screen. A digital scale was used to weigh the fruiting heads in each litter container on a daily basis to obtain data on weight fluctuations. A daily record of weight fluctuation was necessary to quantify the WSC corresponding to each precipitation event and drying rates after a precipitation event. In every case, the initial dry weight of the litter was subtracted from the daily weight to quantify the amount of water detained by the fruiting heads.
Data analysis
Computing an approximation to the derivative:
where w is empty fruiting head water content per unit ground area (ml cm ). Assuming I(t) as instantaneous, between precipitation measurements when I(t) = 0:
The reason for not using I(next) in calculating dw/dt is that either I(next) equals 0, or w(next) was measured shortly after a precipitation event.
RESULTS
Climatic conditions
The incident gross precipitation totalled 573.5 mm of precipitation during the study with a mean hourly air temperature of 4.5°C. The minimum and maximum hourly air temperatures recorded during the duration of the research were -20.2 and 29.3°C, respectively. A total of 1550.9 MJ m -2 of direct beam solar radiation was incident on the fruiting heads during the study period. Mean relative humidity was 74.0% and the average wind speed was 5.8 km h -1 .
Laboratory experiment
The mean oven-dried weight and saturated weight of the 50 fruiting heads tested under laboratory conditions was 2.7 and 10.9 g, respectively. The mean WSC of the fruiting heads was 1.5 ml cm -3 , with a standard error of ±0.04 (Fig. 2) . The maximum WSC of any particular fruiting head was 2.2 ml cm -3 and the minimum was 0.9 ml cm -3 (Fig. 2) . Expressed as a percentage of oven-dried weight, the mean WSC of the fruiting heads was 399% with a standard error of ±6.1 (Table 1 ). The range of WSC values was 203%, with a maximum value of 507% (Table 1) .
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Field experiment
The volume of water detained by the field-based fruiting heads was similar for all three litter containers with mean values ranging from 125.6 to 131.8 ml container -1 for any given sample date ( Table 2 ). The large standard deviation corresponding to the volume of water held by the fruiting heads is attributable to the fact that water volume measurements were recorded daily (except during precipitation events) and account for volume fluctuations associated with time since the previous precipitation event. For all three litter containers, the maximum quantity of water stored was 507.3 ml container -1 (Table 2) . The daily time series of empty fruiting head water content per unit ground area (ml cm -2 day -1 ) demonstrates that the empty fruiting heads can store considerable quantities of water reaching 0.40 ml cm -2 (Fig. 3) . The time series also depicts the complexity of the relationship among empty fruiting head water content per unit ground area, precipitation, drying rate and meteorological conditions. In particular, Fig. 3 shows that there is a differential lag in the drying rates after precipitation events. Field observations suggest that antecedent empty fruiting head water content and meteorological conditions are likely to account for the differential lag and drying rates after precipitation events. There is also no readily discernible pattern between precipitation magnitude and empty fruiting head water content since precipitation events of the same magnitude are observed to yield different empty fruiting head water contents (Fig. 3) . A graph of −O(w(between_measurements)) throughout the daily time series of the study period shows that the loss of water from the fruiting heads ranges from near zero to approximately 250 mm 3 cm -2 day -1 (Fig. 4) . Field observations indicate that the positive −O(w(between_measurements)) are the result of trace precipitation inputs and dew formation on the fruiting heads (Fig. 4) . The amount of water stored and subsequently evaporated from the empty fruiting heads in a forest or plantation is substantial because of the large quantities of fruiting heads that are produced and persist on the forest floor (Figs 3 and 4) (Kormanik, 2002) .
Interception of incident gross precipitation by empty fruiting heads is considerable (Table 3, Fig. 5 ). Interception by the fruiting heads ranges from 2.6 to 218.5% of the Table 3 Interception by empty fruiting heads expressed as a percentage of the incident gross precipitation. incident gross precipitation with a large standard deviation among the mean (Table 3) . Interception of precipitation by empty fruiting heads is a nonlinear function of incident precipitation (Fig. 5) . The scatter of points demonstrates that (a) interception, expressed as a percentage of the incident gross precipitation, is most substantial during low-magnitude precipitation events and drops sharply as the magnitude of a precipitation event approaches 2 cm; and (b) the interception storage capacity of empty fruiting heads is reached at approximately 2.5 cm depth equivalent of incident gross precipitation as shown by a flattening of the best-fit least squares regression line at that point (Fig. 5) .
The best-fit statistical relationship of the volume of water detained by the fruiting heads as a function of time since the previous precipitation event was logarithmic (Fig. 6) . The regression equation derived to predict water held by the fruiting heads was: ) and x is time since precipitation (h). Over half of the water held by the fruiting heads evaporated within two days after a precipitation event (Fig. 6 ). According to Fig. 6 , under certain conditions, over 300 h would be required for a fruiting head to dry completely.
DISCUSSION
Results from this study indicate that the WSC of empty sweetgum fruiting heads, expressed as a percentage of oven-dried weight, is much higher than recently fallen leaves, needles, twigs, bark and fruit that comprise the L layer (Bernard, 1963) of coniferous forests (Reynolds & Knight, 1973) . Whereas the maximum WSC of the L layer of a spruce-fir forest and of a lodgepole pine forest were 102% and 124% of litter oven-dried dry weight, respectively (Reynolds & Knight, 1973) , this study reported a mean of 399% (Table 1 ). The most likely reason for the observed difference is the morphology of sweetgum's fruiting heads. The empty fruiting heads have (a) a large surface area; (b) numerous openings that once housed seeds and are able to store water; and (c) a roughly textured surface micro-topography between the openings with spikes that would also trap water (Fig. 1) . In addition, the fruiting heads are capable of absorbing substantial quantities of water because they are in a desiccated state before dropping from the tree.
Data from this work have suggested that empty fruiting heads of sweetgum would have a detectable and considerable influence on the hydrological cycle of sweetgum plantations or forests with a high proportion of sweetgum (Table 3 ; Figs 3 and 5) because of the large quantities of water capable of being stored per unit volume (Fig. 2) and the prodigious amount of empty fruiting heads produced that may persist on the forest floor in a marginally decomposed state for a couple of years. Kormanik (2002) stated that sweetgum trees generate fair fruiting head crops every year with a bumper crop usually occurring every three years. The interception storage capacity of forest litter is proportional to its mass per unit area (Putuhena & Cordery, 1996) . Since empty fruiting heads cover a large areal extent of the forest floor during late winter, early spring and part of the growing season before beginning to decompose and be covered by leaf litter in autumn, it is highly probable that they have a notable impact on the ecohydrology of ecosystems where sweetgum is a dominant species. Water that is intercepted and evaporated from the empty fruiting heads lying on the forest floor does not infiltrate into the vadose zone where it may be potentially utilized by plants or contribute to groundwater recharge. This linkage between the soil water balance and plant dynamics is a critical component of ecohydrological research (Rodriguez-Iturbe, 2000; Eagleson, 2002) that must be examined further to better understand the productivity of sweetgum forests and plantations.
The fruiting heads were arranged in a uniform and compact single layer for this experiment. The estimates of water storage and interception by empty fruiting heads in this study may be regarded as reasonable because, even though the fruiting heads generally accumulate on the forest floor in an irregular nonuniform pattern, they often occur in double or even triple layers. This is to say that the double or triple layers of fruiting heads accumulated on the forest floor offsets their patchy occurrence. Thus, the experimental arrangement of fruiting heads in a single uniform layer yields a plausible estimate of interception.
CONCLUSION
Fruit litter may be of considerable importance in the seasonal hydrological cycle of forests with a significant proportion of sweetgum and sweetgum plantations, given the large amounts of fruiting heads produced and their large WSC and high interception storage capacities. With a growing demand for hardwood and a concomitant increase in the establishment and intensification of sweetgum plantations (Chang, 2003) , it is critical to better understand the hydrological impact of empty fruiting heads. Evidence from the present work has demonstrated the potential importance of fruiting heads in the water balance of forests and plantations. Further work should be conducted that examines the WSC of fruiting heads as a function of age.
